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DEVELOPMENT OF ION IMPLANTATION TECHNIQUES
FOR MICROELECTRONICS

By H.L. Dunlap, R.G. Hunsperger, and 0.J. Marsh

Hughes Research Laboratories
A Divigsion of Hughes Aircraft Company
Malibu, California

I. SUMMARY
A. Silicon Carbide

We have produced SiC p-n junction diodes which oper-
ate very well between room temperature and 400°C. These are
abrupt p-n junctions (when properly annealed) without the
intrinsic layer observed in nearly all previous work.

We have shown that n-type layers can be made in p-S5iC
by implantirg N, P, and Sb under much milder anneal condi-
tions than those regquired for other doping technigques. P and
Sb doping have nct been achieved previously in SiC.

B. Gallium Arsenide

Several lines of evidence have shown that the intrinsic
layer observed in implanted junctions arises from defects asso-
ciated with As vacancies produced during implantation and
annealing. We have demonstrated that the intrinslc region
can be controlled or eliminated by the use of a 5i0  protec-
tive coating during implantation and annealing, andxby im-
planting at room temperature.

We have measured the amount of lattice damage, as a
function of dose, created when Cd is implanted in GaAs and
have established the annealing behavior in the high and low
dose regimes.
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11. INTRODUCTION

We have investigated ion implantation and its deyelaj
ment for use as a doping process in the fabrication of sSwrcun
ductor devices in nigher-bandgap materials. We have found
that the ion implantation process can be used to fabricate
excellent quality p-n junctions in GaAs and Si1C.

In the previous interim contract report (Gctober L1968)
we presented the annealing requirements for Zn- and Cd-
implanted layers in GaAs to obtain satisfactory electrical
conduction. In addition, it was found that the junctions
formed by implanting 2Zn or Ccd into n-type GaAs resulted 1n
p-i-n devices. The i region apparently was caused by the
generation and diffusion of an unidentified defect species
which formed deep trapping levels in the Gaas. We also
reported that n-type conducting layers were formed in siC
after the implantation of Sb and Bi and subsequent anneal-
ing from 1000 to 1500°C. SiC etching techniques were of
considerable importance because it had proved difficult to
obtain good junction characteristics.

During this year we have emphasized the identification
and elimination or control of the i region formation 1in im-
planted GaAs p-n junctions. The defects responsible for the
semi-insulating "i" layer in GaAs appear to be related to
vacancies generated by the escape of arsenic at the surface
during implantation and annealing. The i layer has been
controlled and eliminated by the introduction of process
changes which prevent the dissociation and evaporation of
arsenic. These changes include lowering the implant temper-
ature or providing an SiOx passivating layer before implantation.

Changing the implant temperature from 400°C to 23-C
required an evaluatlon of the electrical behavior (by Hall
effect) of the Zn- and Cd-implanted layers as a function of
annealing condations. Although this work 1s not yet complete,
it is significant that p-type layers are formed after 30 man
anneals at 120°C.

Ion-implanted GaAs diodes have been fabricated which
behave as abrupt p-n junctions with measured breakdown
voltages equal to the theoretically predicted values. Such
diodes have been operated from 23° to 300°C. At 300°C the
junctions were still definitely rectifying.




A study of lattice damage resulting from 60 keV
cat ion implantation of Gaas substrates held at room tempcra-
ture and damage anncaling was begun this year, employing
three techniques for measuring the damage: (1) Rutherford
scattering measuremencs; (2) spectral reflectivity measure-
ments; and (3) scanning elecctron microscope observations.
Ton doses of greater than 1014/cm appear_to form an amorphous
laycer. Anncal of light implants (v4 ¥ 1013/cm2) shows a
significant anncal stage at 250 to 300°C, while hcavier
implants show little anncal up to 500°C.

I+ has been found necessary to 5104 overcoat sulfur
implants performed at 23°C prior to anneal in order to pre-
vent apparent outdiffusion of the sulfur. With this pre-
caution, n-type layers are formed after 800°C annealing.

The potential advantage of ion implantation over
other device fabrication processes is best shown by the
results obtained in the fabrication of SiC p-n junctions.
The hexagonal form of SiC is normally grown at temperatures
of 2500°C or above and the diffusions for forming junctions
are normally carried oat at 2000 to 2500°C. Grown p-n junc-
tions have been formed at 1740°C by the traveling solvent
method and at 1650°C by epitaxial growth from saturated
silicon melts. These growth and diffusion processes typically
require that the high temperature be maintained for hours.

In this report we discuss p-n junctions fabricated
in p-type SiC by implanting nitrogen, phosphorus, or antimony
and subsequently anneali-g at temperatures as low as 1000°C
for 1 to 2 min. Optimum device characteristics have been
obtained with 2 min anneals at 1400 to 1600°C.

The reverse characteristics of these junctions are
of excellent gquality and are somewhat better than those
found in epitaxially grown junctions. The reverse current
in one sample increased smoothly with applied voltage until
an avalanche breakdown was observed at 46 V. Small "blue
spots" are seen to appear at breakdown; they are located
at etch pits which were present in the crystal prior to
implantation. Photomultiplication is cbserved at bias voltages
below breakdown with ultraviolet light incident on the junction
area. The junctions showed excellent device characteristics
at 400°C.

The nitrogen implants were made at room temperature
and subsequently annealed to 1600°C for 2 min, resulting
in n-type doped layers with carrier concentrations per square
centimeter equal to approximately one-half the implanted
dose, and an electron mobility of 30 cml/V-sec. Electron
diffraction studies showed an amorphous layer after implant,
and crystalline structure after 1500°C annealing. Similar
results are found for P and Sb implants.




1II. IMPLANTATION STUDIES IN GALLIUM ARSENIDE

A. Improvements in Processing and Fabraication Techniques
1. Polishing. — A machine has been constructed

for polishing gallium arsenide and is now in operation. The
machine, a modified version of that used by J.M. Wwhelan of
Usc, features combined mechanical and chemical etch polishinc.
The sample wafers are mounted on the face of a 4-in. diram-
cter disk and are initially lapped flat. All abrasive 1is
removed from the samples and holder by cleaning in solvents
before they are placed on the polishing machine. Tre sample
holder disk is then placed face down on the main whecl (12~
in. diameter) of the polishing machine. This main wheel 1s
covered with a polishing cloth which is kept saturated with
a methyl alcohol-bromine etchant by a "dripver." The main
wheel and the sample holder disk are driven to rotate sc
that the etchant is constantly agitated over the sample suz-
face and etched material is swept away. The flatness and
smoothness of the resulting surfaces are far superior to
those obtained with earlier methods. Rutherford scatter.ng
measurements have shown that these polished surfaces are

free of damage.

z. Implanted contacts. - tJe have previously re-
ported (Ref. 1) that obmic contact can be made to n-type
GaAs layers without the formation of the usual surzace beu -
rier if a contact "pad’ is formed by implantation of eirther
sulfur or tin at room temperature. In order to estaklish
whether this effect is a result of damage associated Sath
the rocm temperature implantation or electricai acs.':1y =i
the tin and sultur atoms, a sample of n-t{ge Gal.se wg: af
planted at room tempeiature with 1.1 % 16l6/cm2, S0 &V
argon ions. Argon has not been observed to be elet:i:i:
active in GaAs, but such implants eliminated surf. .-

of motals £ these implanted surfaces. when gelc @ =
contact prises wera vlaced on the surface, chmic contacst
c1-3 made: nn surface barriers were observen trem troe U-1

characteristics, and therc was no evidence that a p-vyL*®
layer had formed. Van der Pauw ilall measurements 1ndicated
a sheei resistivity of approximately 0.5%5% ~/ao, a mobiliry
6700 cm2/V-sec (n-type), and a surface carrier concentra=
tion of 1.7 x 1015/cm2. These values agree with those wnich
vne manufacturer gives for the substrate mater.a.. Thus o*




appears that ohmic contacts produced by room temperature 1m-
plantation result from damage rather than electrical activity;
it is likely that any ion can be used to produce such con-
tacts, regardless of 1its expected electrical activity 1In

GaAs.

various samples implanted as described were annealed
for 1 hour at temperatures of 100, 200, 300, 400, and 500°C.
The V-I characteristics measured between a pair of gold
probe-point contacts to the impianted surface of these
samples are shown in Fig. 1. It can be seen that the ohmic
contacts were unaffected up to 200°C, but some nonlinear be-
navior was observed at 300°C. For samples annealed at 400
and 500°C, ohmic contact was no longer obtainable. Surface
burrier: formed when contact was attempted, as in non-implanted
n-type GaAs. This indicates that the damage produced by the
implant anneals at ~300°C, as observed in our Rutherford
scattering work reported earlier {(Ref. 1).

B. Damage Studies

A study of lattice damage resulting from 60 kV cdt ion
implantation of GaAs substrates was begun this year, with
much of the work supported by company funds. Three inde-
pendent damage measurement techniques have been employed:

{1) Rutherford scattering measurements {in collaboration
with E. Westmoreland, California Institute of Technology):
(2) spectral reflectivity measurements (performed with G.
Shifrin, HRL); and (3) scanning electron microscope obser-
vations (made in conjunction with E. Wolf, HRL (Ref. 2)).
Damage was measured in a series of GaAs substrates implanted
at room temperature with doigs of 60 kV ¢d% ions ranging
from 1 x 10 2/cm2 to 1 x 10 /cmz.* The acquisition and
analysis of data from these experiments are not yet complete,
pbut at present it can be stated that the results obtained
with the three different damage measurements technigues are
-n qualitative agreement. The Rutherford scattering data
shown in Fig. 2 indicate that relatively little ?%magsf re-
sults in samples implanted with a dose of 3 x 10-4/cm

’

*These ion doses have been corrected for error introduced by

secondary elestron emission during implant; they are about .
a factor of three smaller than the values measured without i
gsecondary electron suppression.

"The damage scale shown in Fig. 2 1s arbitrary, and shows !
the fractional amount of lattice disozder relative to that
in a sample implanted with a dose of 1015,cm2, The 1mplanted

layer 1n that sample 1s assumed to be totally disordered or
amorphous.
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Fig. 2. Damage versus dose for cadmium-implanted GaAs as
measured by 1 MeV He channeling.




while the surface is essegtially totally disordered for
samples implanted with 10 5/cm2 or higher. Very heay

damage is present in samples with doses = 4 x 101 /cm<,
Spectral reflectivity measurements show that reflectivity

at 2450 A is unchanged by a dose of 1 x 1012/cm2; however,

it decreases more Sr less uniformly with increasing dose

up to 5 X 10l /cm?, at which point the reflectivity versus
dose curve begins to level off (see Fig. 3}. The change

in reflectivity at 4250 g is not as great as that at 2450 ﬁ,
and no distinct break-point can be determined. Figure .

3 shows the change in reflectivity at only two of the key

peaks of the spectrum of GaAs shown in Fig. 4, but reflec-
tivity was observed to Aecrease over the entire spectrum

as ion dose was increared. The electron scattering patterns
obtained with the scanning electron microscope are also

in qualitative agreement with these results, showing essentially
an undamaged crystalline structure for a dose of 1 x 1012 /cm2
and a structureless amorphous layer in a 1015/cm2 implanted
sample. Heavy damage caused almost complete destruction of the
chitalline pattern, even in a sample implanted with a dose of
10 /cm2. (Figure 5 shows typical SEM photographs.) No tech-
nique has yet been developed for the qgquantitative analysis

of the scanning electron microscope data to determine relative
lattice disorder.

The anneal behavior of lattice damage has been
studied in some of these samples of 60 kV cadmium (room
temperature) implanted Gaas. Spectral reflectivity was
measured as a function_of 3nneal temperiture for two samples
with doses of v4 x 1013/cm and ~1 x 10 5/cm2. The samples
were annealed for 10 min periods at temperatures from 50 to
500°C (50°C steps), and their spectral reflectivity was
measured after each step. The reflectivity of the smaller-
dose implant increased sharply after anneal at 250°C, ap-
proaching that of a nonimplanted sample, while that of the
heavier implant showed a generally upward trend above 300°cC.
However, even after 500°C anneal the reflectivity remained
far below that of undamaged samples (see Fig. 6). The
interpretation of the reflectivity data was greatly com-
plicated by excessive "scatter" of the points, resulting
from a reflecting surface orientation dependence of the
reflectivity measurement; however, the "break" in the
curves at 250°C and 300°C, respectively, is clearly discer-
nible. It was determined later that the orientaticn depen-
dence of the reflectivity was caused by misalignment of the
front surface of the sample with respect to the light beam.
The samples were mounted with their back surface flush
against a reference plane, but the front and back surfaces
of the samples were significantly nonparallel. This prob-
lem will be avoided in future measurements by aligr'rj
samples with respect to the front surface. (A new .=t of

10
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n-type substrates has been cut and polished, and is presently
being implanted with 60 keV cdt ions at rcom temperature.

The samples will be used first for a detailed measurement of
damage versus ion dose and anneal behavior, using the
spectral reflectivity method. Hall measurements then will
pe made to correlate the results with electrical character-
istics of the implanted layer.) The damage annealing re-
sults of spectral reflectivity measurements are in reason-
ably good agreement with damage measurements made by the
Ruther ford scattering method. These show a sharp anncal
step below 250°C for the 4 x 1013/cm2 dose sample and a
gradual, partial anneal of damage in the 1 x 10 5/cm2 sample,

For heavy implants, which create a totally amorphous
layer in the crystal, it appears that annealing above 500°C
is recuired to comgp et 2ly heal the damage caused by implan-
tation. The damage from relatively light implants (<10*4/cm2),
which is thought to consist of isolated damage clusters. an-
neals almost completely at temperatures below 500°C.

The Scanning Electron Microscope is also being used
at present for the study of damage annealing in these 60 kV
cadmium implanted samples. Very few data have been collected
as yet, but the initial results indicate a substantial anneal
step between 200 and 300°C for lightly implanted samples.

C. Electrical Properties of Room-Temperature-Implanted
Layers
1. Sulfur implants. — Sulfur was implanted into

high resistivity p-type GaAs substrates at room tempera%ure
us%ng energies of_30 and 60 keV and doses from 1.8 X 10 3/

cmé to 1.25 x 1015/cm2. Following implantation, all samples
exhibited n-type layers; however, the layers were of high
resistivity, as described in a previous report (Ref. 1). No
surface barriers developed when contact was made to the
samples with gold probes; ohmic contact was made. The samples
were encapsulated in SiOp in preparation for high-temperature
annealing. After the encapsulation process, which involved
heating the samples to 480°C for 2 hours, it was found that
the n-type layer was no longer present in any sample. Thermal
probe measurements indicated p-type material. Subseguent
annealing for 10-min periods from 600°C to 900°C in 100°C
steps produced no n-type layer formation, except in a sample
implanted at 30 kV with a dose of 2.5 X 1014/cm2.

15
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anncal at 900°C. (The conductivity was less than that VI
the as-implanted layer). It 1s possible that the loss of
eloctrical activity in the annealed samples resulted from
outdiffusion of sulfur atoms during the encapsulation pro-
cess, before the 8i0p layer had become thick enough to re-
tard outdiffusion. Sulfur diffuses fairly rapidly in GaAs
and has a vapor pressurc approaching 1 atm at 480°C; hence
it is conceivable that it could diffuse to the surface and
evaporate, lecaving no obscrvable layer. This hypothesis is
supported by the fact that p-n junction diodes have been
formed by implanting sulfur ions through an oxide into p-type
substrates and subseqguently annealing at 800°C without re-
moving the oxide. (See Section III-E.)

We have considered the possibility that the n-type
layers produced by room temperature implantation of sulfur
ions (as described above) might be the result of implantation
damage rather than electrical activity of the sulfur atoms.
However, this does not appear to be the case, since a sub-
strate of p-type GaAs ‘mplanted with 1.1 x 1016/cm2, 30 kv
argon ions at room temperature gave no indication of an n-
type layer. Room temperature implantations of tin ions also
fail to produce the n-type layers which have been observed
for the sulfur implantations.

2, 2inc implants. — During this year we began
the measurement of the electrical properties of room-
temperature zinc-implanted samples as a function of ?nneal—
ing. Samples implanted with doses of 1013/em? to 10 6/cm2
20 kV ions did not appear to have a p-type layer in the "as
implanted" condition; after anneal at 120°C for 30 min a
p-iype layer did appear. Measurements of the V-1 curves
indicated that a rectifying junction was present between the
implanted layer and the substrate; however, the resistivity
of this layer was very high For example, van der Pauw Hall
measurements on the 1015/cm2 dose sample showed sheet resis-
tivity 105 Q/a, mobilitx +3 cm¢/V sec, and surface carxrier
concentration = 2.5 x 1013/cm2. It was not possible to
measure the corresponding values for the sample containing
the 1013/cm2 dose because the layer resistivity was too
high. The change in resistivity as a function of anneadl
temperature for these samples 1s shown in Fig, 7; mobility
and carrier concentration data are given in Fig. 8. The
surface of the samples was protected during anneal by using
the cover wafer technique at temperatures up to 500°C, and
a pyrolytically deposited 5103 film was used for anneals
above 500°C. Layer resistivity remained above 104 Q/o for
all but the 1016/cm? dose sample, even after annealing at

L€




-

SHEET RESISTIVITY, /0

Fig.

o
o

o
D

7.

turs (10 min anncal periods).

i

~ D905-2
— 1 l 1 I 1
— ION DOSE -
10'%em? ]
| 0'6/emPe. _ IMPLANT CONDITIONS ]
B Ss 20 kV ZINC |
ROOM TEMPERATURE
___10'5/cm2/ \ H
- \% =
[ \ ]
- \ —
- \ \ —
L 10'%/cm? "’_\\4 R .
. M AU \\ -4 |
\\ \\*"—
‘N‘I -
— \ —
- N\ -
- N\ —
| — \'L_‘-_- —
— B
| | i | \
0 100 200 300 400 500 600
ANNEAL TEMPERATURE,°C
prpendence of Gahs rosistiviey on annoal tormpera-




D905-3

@ ION DOSE = 10'6/cm? IMPLANT CONDITIONS
® ION DOSE =10'5/cm? 20 kV ZINC
ROOM TEMPERATURE
A ION DOSE = 10'4/cm?
Ny
3
S [ I I I |
<
[}
b=
4l
< 10" =
- -
Z ) —
Wi —
o amund
&
¢ s -
u — ] -
E | ]
L= — —
o
d
2
L o3 | | ] | |
?
| | | | | |
]
Y]
> 1
o 0=
E b
(%] W
% __
t_. e
- -
D
9 - ]
10° 1 1 | | ] |
0 100 200 300 400 500 600

ANNEAL TEMPERATURE, °C

Fig. 8. Dependence of mobility and carrier concentration on
anneal tcmperature of implanted GaAs (10 min anneal
periods) .

18

.M.




500°C. This high resistivity was a result of low mobllity
and low carrier concentration. The resistivity of all of the
implanted layers was sufficiently high that accurate mea-
surements of mobility and carrier concentration were diffa-
cult and in some cases impossible; hence the data of Flg. 8
exhibit a great deal of scatter, except for the 1016/cm
sample. Nevertheless, it is significant that a p-type
layer was formed in all of thesc room-temperature implanted
samples after only a 120°C, 30 min anneal. Our previous
work has shown that samples implanted with 20 kV znt 1ons
at 400°C require annealing at 500°C or above in order to
form even a high-resistivity p-type layer.

It is also interesting to note that the resistivity
of the sample implanted with a 1016 /cm2 dose showed a sig-
nificant anneal step between 200 and 300°C. Damage studies,
described in Section II-B, have indicated an anr:al step
in this temperature range.

D. Junction Depth Measurements

Angle section and stain technigues have been used to
measure junction depth in samples of Gahs implanted with
approximately 1 X 10 6/cmz, 20 kV zinc ions at 400°C. An
etchant of 1 part HNO3 to 6 parts HZOE was used for staining.
Substrates (n-type) doped from 35 x 1615/cm3 to 1.8 x 1018/cm
were used, but junction depth appeared to be independent of
substrate impurity concentration. The 1.8 x 1018/cm” doped
substrate yielded the clearest stain pattern; the junction
was frequently difficult to observe in high resistivity sub-
strate material._ Figure 9 shows the junction in a sample
of 1.8 x 1018/cm3 substrate material, implanted as above
after anneal at 900°C for 35 min. The junction depth 1n
this case is 0.44 p. The surface of the sample is at the
top of the figure, and the angle-lapped bevel is in the
lower portion. Note that the junction depth is quite uni=
form, except for a short-range ripple caused by irregularity
of the polished surface. (The chemical-mechanical polish-
ing machine described in Section IIl-A had not been com-
pleted at the time this sample was prepared; hence it was
merely chemically polished in a peaker.) Junction depth
was measured as a function of anneal time at 800 and 900°C;
the results are shown 1n Fig. 10. As a result of zinc ditfu-
sion, the junction depth changed from about 1000 A imme-

| diately after implantation to 1.3 u after anneal at ap0°C
for 5 hours. It is very difficult to measure junction depth
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for brief anneal periods because of poor staining; more ei-
fort must be devoted to accurate measurement of the "as-
implanted” junction depth. Annealing at 800°C also pro-
duced measurable change in junction depth, reaching 0.44 u
after 50 hours. AE both temperatures the depth was propor-
tional to (time)l/ , as would be expected from diffusion
theory; in all cases, however, the depths were much less
than would be expected for diffusion from a constant-con-
centration zinc source in the same time interval. Disper-
sion of the originally implanted atoms by diffusion results
in reduction of the diffusion coefficient, which is highly
concentration-dependent for zinc in GaAs. It is probably
this effect which causes the change of junction depth dur-
ing anneal to be smaller than expected from published obser-
vations of zinc diffusion from a constant-concentration
source (Ref. 3).

We have also had some success in staining n-type
layers produced by tin implantation. The etch used was (by
weight) 1 part K3Fe (CN)g:l part KOH:40 parts Hy0, which
stains the p-type substrate dark, revealing the section of
the n-t{ge layer as a white "band." A sample implanted with
=1 x 10 /cm2, 35 kv snt ions at 400°C and anncaled for 2
hours at 900°C had a junction depth of 0.44 u, For compari-
son, a 20 kV zinc implant annealed for 2 hours at 900°C has
a junction depth of 0.8 u.

C. Implanted Diodes

The effort to produce good quality dindes by 1on ime
plantation has been intensified during chis vear, with tho
work being concentrated on room temperature implants. The
cause of the previously reported semi-insulating layer 1in
implanted diodes has been tentatively identified, and effec-
tive methods of eliminating the 1 layer {when so desired)
have been developed. PRecent results, described in Scction
II-F, indicate that the defects responsible for the .1 layecry
are probably related to vacancies generated by the cscape af
arsenic at the surface during implantation and ann=aling.
when steps are taken to prevent tinis dissociatinn, diodcs are
formed which have either no 1 laver or a much reduced
layer thicknrss,
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The diodes which we described in earlier reports were
created by implantation of substrates at 400 and 500°C. 1In
order to determine the effect of room temperature implanta-
tion on diode operating characteristics, a set of diodes
was fabricated by implanting nonheated substrates with both

20 kV and 84 kV zn' ions_in doses ranging from 1013 to
1016 /cm2. Following implantation , the substrates were

coated with 5102 by pyrolytic decomposition of tetraethyl-
orthosilicate and were annealed at 650°C for 3 hours. After
anneal, diode "mesas" about 0.5 mm in diameter were formed
by masking and methyl alcohol-bromine etching the substrates.
Contact was made to the n-type substrates by alloying with
nickel-tin. Electrical connections were made using gold
probe pressure contacts, and the diode V-I characteristics
were observed on a curve tracer. The diodes had reverse -
breakdown voltages ranging from 30 to 120 V, with the high
breakdown voltagig be%ng observed in the lOis/cm dose
samples. The 10-7/cm samples had no observable junction
formation. The forward Eesistance of all of the diodes was
somewhat high (in the 10° - 104 ¢ range), probably because
of the high substrate resistivity and the presence of a
semi-insulating layer in the junction region. Figure 11 shows
the V-I characteristics of one of the better diodes of this

set.

In an effort to obtain diodes of lower forward resis-
tance than that of the above devices, a set of diodes was
made by implanting 1 x 1 16 /cm2, 20 kv, Zn* ions into heavily
doped (n = 1.8 X 1018/cm3) n-type substrate material and
annealing for 10 min at various temperatures from 500 to
900°C. Those diodes annealed below 700°C had forward re-
sistances on the order of 100 & and reverse breakdown voltage
-8 V; those annealed at 700°C and above had forward resis-
tances of 10 to 30 . and reverse breakdown voltage =6 V.
These breakdown voltages approximate the theoretical value
caiculated by Sze and Gibbons (Ref. 4) for an abrupt junction
in GaAs (-6 V for a substrate background doping of 1 x 10+°/
em3). C-V measurcments indicatead that the sample annealead
at 500°C had a relatively thin semi~insulating layer (0.166 u)
present in the junction, and that the 1 layer thickness
was even less in the 600 and 700°C annealed sample. The
800 and 900°C samples had no measurable i layer and were
abrupt p-n junction diodes. The decrease in 1 layer thick-
nerc to zoro with increasing anneal temperature contrists
with the behavior of zinc implants at 400°C into lightly
doped substrate material, in which anneal at higher
tamperature produced thicker i lavers; this effect is
Aascribed in detail in Sectr~- 17T ¥
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A third set of diodes was made by implanting 1.2 X
1015 /cm?, 60 kv, cdt ions into moderately doped (n = L.5 X
1017/cm3) n-type substrate material. Anneal of these
gsamples for 10 min periods at temperatures from 600 to 800°C
produced diodes with reverse breakdown voltage =30 V and
forward rcsistance on the order of 100 Q. 1In gennral the
700°C annealed diodes appcared to have the highest break- -
down voltage and lowest leakage currcent and forward resis-
tance. C-V measurements indicated a much thinner scmi-
insulating layer in these room temperaturc implanted diodes
than was observed in 400°C implanted cadmium diodes.

Having cbtained relatively good room-temperature
operating characteristics for some implanted diodes, we
have initiated measurement of the high temperature operat-
ing characteristics of ion-implanted GaAs diodes. A hot
stage has been built which permits measurement of the V-I
characteristic and capacitance versus voltage variation of a
p-n junction diode as a function of temperature up to 300°C.
A pressure contact to the implanted layer of the diode is
made by means of a gold srobe, while the substrate is con-
tacted through the carbon block of the heating stage. For
an n-type substrate, an alloyed Sn-Ni ohmic contact is made
to the undersurface of the GaAs substrate so that there is
no surface barrier between the substrate and the carbon
block. Using this setup in conjunction with a curve-tracer-
oscilloscope, we have observed the V=1 c%rve of a diode
made by implanting a dose of 1 x 1015/cm2, 84 keV zinc ions,
at room temperature, into an n-type substrate with n =~ 5 X
lOls/cm3. After implantation the diode was coated with
sputtered Si02 and annealed at 650°C for 3 hours. At room
temperature this diode had a reverse breakdown voltage of
Vg - 25 V and a forward resistance of 2000 @; the reverse
leakage current was less than 1 pA. The relatively high
forward resistance probably resulted from the small area of
the gold probe contact to the implanted layer, and from a
semi-insulating layer which was present in this diode. At

100°C there was no significant change in the V-I curve (see

Fig. 12). At 200°C the reversé breakdown voltage dropped to
about 22 V, and the leakage current at 1/2 Vg was 5 uh. At
300°C the junction was still definitelv rectifying, but VE
had decreased to 20 V and the leakage current at 1/2 Vgp Wwas
approximately 60 uA. These initial results of operating an
ion-implanted GaAs diode at elevated temperature are vety
encouraging; we intend to continue the work, measuring de-
tailed point-by-point V-1 curves, and extending the measure-
ments to the temperature which proves to be the upper limit
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for operation of these diodes. A suitable oven, with an incrt
atmosphere, is now being constructed. We shall also deter-
mine whether there is any degradation when these diodes are
opcrated at elcvated temperature for extended periods of tim

Most of the implantad diodes we have studied werc made
by implanting p-typc dopants (zinc or cadmium) into n-type
substrates; however, wc have recently begun examining some
diodes made by implantation of an n-type dopant, sulfur.
Threc implantations of 85 keV sulfur ions into p-type sub-
strates were performed at room temperature. The implants
were made through a 700 & oxide which had been spu'.t:...d onto
the substrates at room_ tempgrature. The doseg used were
1l x 1014/cm2, 1.2 x 1015/cm2, and 5 x 1015/cm2. Portions
of each of the implanted samples were annealed at 800°C for
15 min, with the oxide still in place. This annealing re-
sulted in the formation of a definite p-n junction in the
two samples with dose >1015/cm2. Relatively strong light
sensitivity was observed when the junctions were reverse
piased. Thermal probe measurements also indicated n-type
electrical activity in the implanted layer. To date only
the reverse bias characteristics of these diodes have been
observed; the formation of surface barriers at the gold
probe contacts to the n-type implanted layer prevented mea-
surement of the forward characteristics. Suitable contacts
will have to be formed on these samples to allow measure-=
ment of the forward V-I characteristics. The successful
creation of an n-type layer by sulfur implantation in these
oxide coated samples is in marked contrast to the failure of
similar attempts in uncoated samples. It is possible that
the oxide is regquired to prevent outdiffusion of the sulfur
atoms.

F. Investigation of the Semi-Insulating Layer in
Implanted Diodes

Our previous work (Ref. 1) has shown that a semi-
insulating layer often is observed in ion implanted junc-
tions. The thickness of the layer has been found tc depend
on both implantation and anneal conditions. The results
described below indicate that the defects responsible for
the semi-insulating layer appear to be related to vacancics
generated by the escape of arsenic at the surface during
implantation and annealing. When steps are taken to prevent
this dissociation, diodes are formed which have either no 1
layer or a much reduced i layer thickness.
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The thickness of the semi-insulating region was mea-
sured (using the C-V measurement technique, Ref. 1) for a
number of implanted diodes which had been annealed for
10 min at temperatures up to 900°C. Figure 13 shows the
results for zinc and cadmium implants_at 400°C into a very
lightly dopcd substrate (n ~ 1.2 X 1014/cm3). A relatively
thick semi-insulating laycr was present in diodes annealed
at 600°C, and the layer was even thicker in diodes annealed
at higher temperature. Semi-insulating layers with thick-
nesses on the order of tens of microns or greater were ob-
served only in diodes formed in very lightly doped substrate
material. Our earlier work (Ref. 5) has shown that the i
layer thickness varies approximately as the inverse square
root of the substrate impurity concentration, for a fixed
set of implantation and anneal conditions. The formation of
the semi-insulating layer in the junction and the subsequent
variation of thickness with annealing are nelieved to be
caused by defects created during the implantation and sub-
sequent anneal, which produce compensation to the depth
where the concentration of defects equals the substrate im-
purity concentration. puring anneal, localized defects
(thought to be arsenic vacancies) produced by ion bombard-
ment may diffuse through the lattice to form more complex
and stable defects at far greater depths than the projected
range of the implanted ions.

The anneal behavior of the semi-insulating layer in
diodes implanted with the substrates held at room tempera-
ture instead of 400°C is shown in Fig. 14, The significant
feature of the data is that the thickness of the semi-
insulating layer decreased with increasing anneal tempera-
ture, and the diodes annealed at 800°C or 900°C had only a
very thin i layer or none at all. The decrease of 1
layer thickness with increasing anneal temperature, which
contrasts with the behavior of the 400°C implanted diodes,
is thought to result partly from reduced vacancy generation
during implantation; the resulting smaller number of deep-
level compensating defects was unable to provide the concen-
tration required for total compensation to greater depth
when defect diffusion occurred.

The larger background impurity concentration of the
substrates used for these samples also contributed to the
decrease in 1 layer thickness by decrcasing the depth tc
which total compensation could occur hefore the supply of
defects was exhausted. In diodes made by room temperature
ion implantation into heavily doped substrates, as shuwn
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in Fig. 15(a), the semi-insulating lavsz was very thin and

: in some cases nonexistent. The data oI Tig. 15(b} show

: that even in the case of 400°C implantzz:icn, a relatively

- thin i laver resulted when a very heaTilr doped substrate
material was used. Diodes formed by imzlanting 20 XV zinc
iocns intc a rcom temperature substrats zackground concentra-
tion, n = 1.8 x 10187cm3) and subsequenzlv annealing at
800 or 3900°C for 10 min had the C-V chzrzcteristics of an
abrupt p-n junction. The reverse breazizwn voltace of these
diodes was also that which would be thscrstically expected
(Ref. 4) for an abrupt p-n Jjunction.

The defects responsible for the cbhserved compensation
in the ‘i~ layer diodes are thought to Ze complexes involv-
ing arsenic vacancies and the substrats zackground dopants
(Te or Sn), Compensation involving the :—planted p-type
dopants zinc and cadmium does not appezr to be responsible
for the semi-insulating laye: tecause z=e 1 layer thick-
ness in many cases far exceeds the proaected range of the
implanted ions, as well as their diffuvs:cn depth for the
anneal cycles used. The diffusion dep:: of implanted zinc
and cadmium atoms has been measured using the angle-sectioning
method in conjunction with an etchant which stains the
p-type layer to permit visual cbservaticn of its thickness.
The results for zinc implants, which wsre shown in Fig. 10,
indicate a diffusion depth of only 1 . even after anneal at
900°C for 3 hours. Unlike the semi-insalating layer thick-
ness, the thickness of the p-type layer i1s essentially in-
dependent of substrate background dopizc concentration.
Based on the data of Fig. 10, the calczlated diffusion co-
effici?nt fgr ion-implanted zinc at 903*C 1s on the order
of 10713 cm /sec, assuming diffusion from a surface layer
containing a fixed quantity of atoms. Zowever, this should
be considered as only an "average" valze since the diffusion
coefficient of zinc 1n GaAs 1is known tc be dependent on the
zinc. concentration rather than constant (Ref. 3). Angle-
section and stain measurement of the é&soth of 20 kV cadmium-

"“implanted layers has shown that the dezth is approximately
- 3000 &, and there is negligible change zn layer thickness
- . 1 a1t during "anneal at temperatures from 600 o 300°C for up to
- © """ '3 hours. This 1s to be expected becatse the diffusion coefrfi-
: """ cient for cadmium 1s several orders of magnitude less than
-~ - that for zinc in GaAs (Refs. 3, 6). Wuzile the compensating
Cliiitgefects do not involve the implanted icns themselves, the
» -rwro--damage resulting from implantation is raguired for defect
~_____generation. This fact was demonstrateZ by implanting n-
- ; type GaAs substrates with 30 keV argor :ons, which are not
o electrically active 1in GaAs, and subseztently annealing
, .iafor 1 nhcur at either 5G0°¢C or 600°C. Identical substrates
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